INTRODUCTION
Most bituminous coal mine effluents are quite acid and contain, along with other ions, considerable ferrous iron. The acid is sulfuric, and the iron is present as the sulfate; both are oxidation products of iron sulfides which are precent in the form of pyrites, marcasites, or other sulfuritic compounds.
The oxidation occurs, in the absence of moisture, according to the following reaction:
FeS2 + 302 --FeSO4 + S02 or, in the presence of moisture, as follows: 2FeS2 + 7 02 + 2H20 --2 FeSO4 + 2H2SO4 The ferrous sulfate is further oxidized by bacteria and by atmospheric oxygen whenever free sulfuric acid is present:
4FeSO4 + 2H2SO4 + 02 2Fe2(SO4)3 + 2H20
The ferric sulfate is hydrolyzed to basic ferric sulfates, the ratio of iron, hydroxyl, ana sulfate depending upon the dilution and acidity during hydrolysis. The manner of hydrolysis is represented by the reaction:
Fe2(SO4)3 + 2H20 --
2Fe(OH)S04 + H2SO4
Actually, the hydrolysis may proceed until practically complete with formation of ferric hydroxide, Fe(OH)3.
The buffer capacity of the streams has an additional determining effect upon the extent of hydrolysis. In the absence of acid, ferrous sulfate, also, is oxidized to basic ferric sulfate: 4FeSO4 + 02 + 2H20 -k 4Fe(OH)SO4 The characteristic red to yellow deposits ("yellow boy") found in the bed and along the banks of the socalled "sulfur", or "red water" streams, are composed of basic ferric sulfates and ferric hydroxide.
The rapidity with which these reactions occur suggested the participation of bacteria, or some chemical catalyst. Indeed, Carpeniter and Heirndon (1933) suggested that bacterial activity by some sulfur oxidizing organism might explain, in part, the high acidities usually encountered in bituminous coal mine drainage. By chemical theory alone, they maintained, it was difficult to explain the rapid formation of acid in mines. Colmer and Hinkle (1947) postulated that Thiobacillus thiooxidans, or an unknown similar organism, was involved in the oxidation of sulfur and sulfur compounds in coal to form sulfuric acid. The same authors observed an unidentified bacterium to oxidize ferrous iron rapidly to the ferric state in acid mine waters. Leathen and Madison (1949) obtained T. thiooxidans in pure culture in elemental sulfur medium from all of the acid mine effluents examined. Iron oxidizing bacteria were isolated, also in pure culture, by the use of a new inorganic medium containing ferrous iron. This medium failed to support the growth of T. thiooxidans and was better suited for study of oxidation of ferrous iron than media containing "natural" mine water.
The present study was designed to determine the role of both sulfur and iron oxidizing bacteria in acid formation from museum grade pyrite and marcasite, and from "sulfur balls", the most common sulfuritic constituent of bituminous coal. The role of T. thiooxidans in acid formation is reported herein, while the role of iron oxidizing bacteria isolated by us is the subject of Section II of this report.
MATERIALS AND METHODS
The most common sulfuritic constituents associated with bituminous coal are the so-called "sulfur balls". These are concretions of varying size and are composed principally of iron disulfide (FeS2). Often, the same sulfides are in thin layers throughout the coal seam, and are otherwise known as pyrites or marcasites.
This material, museum grade pyrite, and marcasite were prepared, respectively, by crushing to a particle size which would pass a No. 8 sieve, but was retained on a No. 18.sieve (A.S.T.M. E11-39). The particles were therefore, by approximate measurement, less than 0.094 inches and greater than 0.039 inches in diameter. The graded material was washed free of ferrous iron, or until only a trace went into solution after standing in distilled water overnight. The same sulfur ball mixture was used throughout the experiment, permitting an accurate comparison of results. All substrates remained at room temperature, under static conditions, for the duration of the experiment.
Actively growing cultures of T. thiooxidans were used for inoculation of the various substrates. The cultures were isolated from acid mine effluents by the use of Waksman's elemental sulfur medium and acid thiosulfate agar (Waksman and Joffe, 1922) . Stock cultures have been maintained in our laboratory for over two years by monthly serial transfers, and in every aspect were typical of the species. Sulfuritic materials were not used in media for the isolation, or the, maintenance of the cultures.
The graded sulfur ball material was included in Waksman's elemental sulfur medium and in the inorganic salt solution of the medium without elemental sulfur. The complete medium was composed as follows: The medium was sterilized by autoclaving for 15 minutes at 15 psi.
Replacement of the sulfuritic material, pyrite or marcasite, with powdered sulfur provided a medium satisfactory for the growth of T. thiooxidans. When inoculated with typical strains, it became cloudy within a few days, and acidity increased with a corresponding drop in pH. The reactions were indicative of the bacterial oxidation of elemental sulfur to sulfuric acid.
Two flasks were inoculated with 5.0 ml each of a culture of T. thiooxidans. One flask was uninoculated and served as a control.
The effect of the same strain of T. thiooxidans on marcasite, a sulfuritic material with another crystalline structure, was demonstrated in the final experiment. Two flasks were inoculated with 5.0 ml each of the culture; one uninoculated flask served as the control.
Samples for chemical analyses, consisting of total acidity, ferrous iron, R203 (tri-valent oxides of iron and aluminum), sulfate, and pH were taken at periodic intervals throughout the experiment. The original analyses were made after sterilization and inoculation, whenever inoculations were made. A 50 ml sample was removed for each determination, except for pH which was determined electrometrically with the small electrodes of a Beckman pH meter. Each time samples were taken during the first ten weeks, the volumes were brought back to the original, aseptically, by the addition of the mineral base. After ten weeks, the volume was not returned to that of the original. Final The results of the chemical analyses for acidity and sulfate are reported in tables 1 and 2, respectively. The only changes observed in ferrous iron and R203 concentrations were those attributable to well estabThe failure of T. thiooxidans to enhance the chemical activity of sulfur ball material was demonstrated by the next experiment. Sulfur ball material included in the mineral solution of Waksman's medium served as the only oxidizable form of sulfur. Practically identical changes occurred in both the uninoculated and inoculated substrates. The initial reaction (pH) was 3.8 to 4.0. After 56 weeks, the pH range was 1.4 to 1.5 for both the inoculated and uninoculated substrates. It is considered of particular significance that the final increases in sulfate and acidity in the inoculated sulfur-sulfur ball substrate are equal, within the limits of experimental error, to the combined increases in the inoculated sulfur medium and that attributed to the chemical activity of sulfur ball material. The pH dropped from 3.6-3.7 to 1.0-1.2 in the inoculated substrates, and to 2.4-2.5 in the uninoculated controls.
The effect of T. thiooxidans on pyrite, chemically a very inactive form of sulfuritic material, was determined. Bacterial oxidation was not indicated by our experimental method.
The substrate containing museum grade marcasite inoculated with T. thiooxidans did show an increase in both acidity and sulfate. The pH dropped from 3.7 to 2.6 in the sterile controls, and to 2.1 in the inoculated substrates.
DIscussIoN
The failure of T. thiooxidans to enhance acid formation from sulfuritic materials, other than marcasite, leads us to postulate, that the crystalline structure of the sulfuritic material affects the rate of acid formation in bituminous coal mines. At the present time it appears unlikely that materials satisfactory for oxidation to sulfuric acid by this bacterium are present in sufficient quantities to account for the high acidities of mine effluents. However, some crystalline forms of FeS2 may be susceptible to oxidation by this bacterium, accounting for the presence of T. thiooxidans in acid mine effluents.
SUMMARY
The role of ThiobaciUus thiooxidanrs in the formation of acid from sulfuritic materials was determined by comparison of inoculated and uninoculated substrates containing sulfuritic materials. The most common sulfuritic constituent associated with bituminous coal and related rock strata, "sulfur balls", as well as museum grade pyrite and marcasite were included in substrates. The microorganisms were recovered from all inoculated solutions by subculturing in elemental sulfur medium at the termination of each experiment.
Changes in the substrates were followed by periodic chemical analyses for acidity, ferrous iron, R203 group, and sulfate and pH for periods up to 56 weeks.
The bacterium increased the acidity and the amount of sulfate when the medium contained elemental sulfur.
Some acid was produced from museum grade marcasite.
The bacterium failed to produce acid from "sulfur balls" or museum gradle pyrite.
